Bulk GaAsSb samples were grown lattice matched to InP substrates at different temperatures using gas-source molecular-beam epitaxy in order to optimize the crystal quality. Growth temperatures from 15°C above the InP surface oxide desorption temperature to 145°C below it have been investigated. Undesirable properties such as Sb composition variation and natural composition superlattices in the growth direction have occurred at high growth temperature possibly due to phase separation. High quality, single phase GaAsSb lattice matched to InP has been grown at 135°C below the desorption temperature as evidenced by narrow linewidths and clear Pendellösung fringes displayed in high-resolution x-ray diffraction spectra.
I. INTRODUCTION
There have been continuing research on the growth and fabrication of InP/ GaAsSb/ InP double heterojunction bipolar transistors ͑DHBT͒.
1-5 The staggered type II energy band lineup between the GaAsSb base and InP collector eliminates the conduction band carrier blocking effect, which occurs in InGaAs/ InP DHBTs with abrupt base-collector junctions. Therefore, by utilizing GaAsSb as the HBT base material, a higher current drivability can be achieved for ultra-high speed digital circuits and optical communication applications. Although high performance GaAsSb/ InP HBTs with f T Ͼ 250 GHz have been reported, 3 many reported devices showed a low DC current gain.
2,4,5 Though the origin of the difference in current gain is not clear, optimizing the GaAsSb base crystal quality is an important task in order to achieve good device characteristics. Due to the large difference in atomic sizes between arsenic and antimony, it is difficult to grow high quality, single phase GaAs 0.51 Sb 0.49 lattice matched to InP substrates. Ordering, 6 natural composition superlattice, 7, 8 and anisotropic resistivity induced from ordering and/or phase separation 9 in GaAsSb epilayers have been reported. In this article, high quality, thick bulk samples with accurate Sb composition lattice matched to InP has been successfully grown by optimizing the growth temperature using gas-source molecular-beam epitaxy ͑GSMBE͒.
II. EXPERIMENT
Bulk GaAs 0.51 Sb 0.49 layers were grown on nominally exact ͑001͒ InP semi-insulating substrates in a GSMBE system equipped with a 2200 l / s turbopump and a 9000 l / s cryopump. The sample was mounted with In on a Mo sample holder. Arsine and phosphine were used as arsenic and phosphorous sources, respectively, and a solid antimony cracker cell with an adjustable precision valve was used as the antimonide source. Standard effusion cells were used to provide elemental group III fluxes. Samples were grown at substrate temperatures of
, and T d − 145°C, where T d is the InP surface oxide desorption temperature. In this study, T d was ϳ535°C. The temperature readings were measured using the thermocouple positioned on the back side of the sample holder. Several growth temperature rampings were also used at T d −30°C and T d − 50°C. The epitaxial layer thickness was 300 nm and the growth rate is kept constant at 0.8 ML/ s, which was controlled by the group III flux. The low substrate temperatures were achieved by lowering the temperature settings during the growth interruption after growing a 100 nm InP buffer layer at T d − 35°C. The growth interruption time was controlled to be less than 90 s. During growth, the substrate was rotated to ensure uniform composition across the sample. The rotation speed was set high enough to exclude the possibility of forming compositional superlattices from substrate rotation. 10 Structural studies of the grown samples were performed using high-resolution x-ray diffraction ͑HRXRD͒, transmission electron microscopy ͑TEM͒, and a͒ Electronic mail: kycheng@uiuc.edu Auger electron spectroscopy ͑AES͒ depth profile. The p-type doping of GaAsSb was achieved by incorporating carbon during the growth using a CBr 4 source via an ultra-highvacuum leak valve and the hole concentration and mobility were characterized by Hall measurement.
III. RESULTS
The Sb composition in the GaAsSb epilayer is very sensitive to the growth temperature. In general, for a given Sb flux, the Sb composition in a GaAsSb epilayer decreases with increasing substrate temperature. 11 Also, the As flux affects the Sb composition. For a given growth rate, higher As flux will result in lower Sb composition. 11 These effects make growing GaAsSb lattice matched to InP a challenging task. Figure 1 shows the comparison of HRXRD spectra between samples grown at T d + 15°C and T d − 30°C. Both spectra show very broad peaks related to the epilayer but for the sample grown at T d + 15°C there are three distinctive components whereas there is only one epilayer peak for the sample grown at T d − 30°C. This indicates that there are three different Sb compositions that exist in the bulk GaAsSb layer grown at T d + 15°C, indicating a severe phase separation at high growth temperature. When the growth temperature was held at T d − 30°C, single phase GaAsSb with Sbcomposition grading along the growth direction is achieved as evident by a broad HRXRD epilayer peak. The composition variation is also confirmed by the AES depth profile, where the Sb composition increases along the growth direction ͑not shown͒, indicating a decrease of temperature at the growth front during growth. By raising the growth temperature gradually during growth, the Sb-composition grading can be reduced. However, due to phase separation and/or atomic ordering, a "natural composition superlattice" has spontaneously formed in the epilayer. The HRXRD spectrum of the GaAsSb with natural superlattice is shown in Fig. 2͑a͒ and the corresponding TEM image is shown in Fig. 2͑b͒ . The sample was grown at T d − 30°C at the beginning and ramping up at a rate of 1.67°C / min to a final temperature of T d + 10°C. The periods of the natural superlattice deduced from the HRXRD spectrum and the TEM image agree with each other, at about 82 Å. The composition difference between the two GaAs y Sb 1−y superlattice components is only about 8%. To eliminate the natural superlattice, the growth temperature was further reduced to 50°C below T d , although the substrate temperature still needed to be ramped up during growth to minimize the Sb-composition variation. Figure 3 shows the HRXRD spectra of samples grown at T d −50°C with different ramping rates. The full width at half maximums ͑FWHMs͒ of the epilayer peaks in the HRXRD spectra decreases from 417.2 to 127.8 arc sec. when the temperature ramping rate increased from 0 to 1.25°C / min. For the sample with the highest ramping rate of 2.5°C / min, the existence of the extra side lobe in the HRXRD spectrum indicates that the material still has multiple phases. Ulti- mately, a single-phase GaAsSb was grown at a constant temperature of T d − 135°C. The HRXRD spectrum of the grown GaAsSb lattice matched to InP is shown in Fig. 4 . The clear Pendellösung fringes and a narrow FWHM ͑25.12 arc sec.͒ of the diffraction peak indicate very high crystal quality. The thickness deduced from the period of the fringes is 298.7 nm, which is very close to our designated thickness of 300 nm. With the samples grown under excess arsenic overpressure at T d − 135°C, the Sb composition in the GaAsSb compounds can be fine tuned by adjusting the valve opening of the antimony cracker. Figure 5 shows the lattice mismatch measured by HRXRD and the corresponding Sb composition at different valve openings. When the growth temperature was further reduced to T d − 145°C and below, the growth interruption time for the temperature to stabilize at the designated temperature was too long to obtain GaAsSb materials with good interface quality.
The carbon-doped GaAsSb samples grown at different substrate temperature were also compared. Figure 6 shows the mobility as a function of hole concentration for growth temperatures of T d − 30°C and T d − 135°C. For samples grown at T d − 135°C, the hole mobility are higher than 40 cm 2 / V s with hole concentrations up to 6.5ϫ 10 19 cm −3 , whereas the highest hole mobility of the sample grown at T d − 30°C with 5 ϫ 10 19 cm −3 hole concentration is only 33.2 cm 2 / V s. In single phase GaAsSb crystal grown at T d − 135°C, the alloy scattering is reduced and therefore carriers will have higher mobility.
IV. DISCUSSION
There have been several studies about the phase diagram of In x Ga 1−x As y Sb 1−y compounds. 12, 13 The spinodal decomposition temperature for GaAsSb lattice matched to InP derived from these studies are 873 K ͑Ref 12͒ and less than 350 K, 13 respectively. However, one must be cautious when interpreting the theoretical phase diagrams since they are calculated under the assumption of thermodynamic equilibrium. The growth conditions of either MBE or metal-organic chemicalvapor-deposition are far from thermodynamic equilibrium. Furthermore, for materials grown under conditions far from thermal equilibrium, the growth kinetics may play a dominant role in determining the material structure. Therefore, the formation of single phase GaAsSb lattice matched to InP is kinetically possible under suitable growth conditions. For example, material quality improvement in Ga 0.8 In 0.2 As 0.18 Sb 0.82 lattice matched to GaSb by lowering the growth temperature from 550°C to 525°C has been reported. 14 Due to the large difference in atomic size between As and Sb, and the bond strength difference between GaAs and GaSb, phase separation of GaAsSb and surface segregation of group V atoms are mainly responsible for the Sb composition variations. 7, 6, 15 However, other factors such as the V / III ratio, the As/ Sb flux ratio, and the substrate temperature variation due to the growth of low-band-gap GaAsSb on top of InP, etc., cannot be overlooked. The influence of these factors on the crystal quality of GaAsSb needs more systematic studies. 
V. SUMMARY
High quality GaAsSb lattice matched to InP has been grown by GSMBE. Undesirable crystal properties such as Sb composition grading and natural composition superlattices can be eliminated by optimizing the growth temperature. High quality, single phase GaAsSb epilayers have been grown at 135°C below the surface oxide desorption temperature as is evident by the narrow linewidth and clear Pendellösung fringes in HRXRD spectra. 
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